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Asstract. An oak and a pine forest site in southern Indiana had elevated soil ammonium 
concentrations after an experimental disturbance but delayed nitrate production and loss. The 
causes of these delays were evaluated using laboratory experiments with amended soils. Neither 
added ammonium nor a combination ofall other essential nutrients reduced the delays, but raising 
soil pH increased net nitrogen mineralization in both sites and nitrate production in the oak site. 
Adding an inoculum containing active nitrifying bacteria increased nitrate production in the pine 
forest floor. We concluded that the interaction of low soil pH and perhaps labile inhibitors of 
nitrification caused delayed nitrification in the oak site, while low initial populations of nitrifying 
bacteria caused delays in the pine site. Forest Sci. 31:122-131. 
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CLEARCUTTING leads to increased nitrogen mineralization, nitrification, and ni- 
trate losses to streamwater or groundwater in most forests. Although nitrate losses 
are usually small, substantial losses have been documented in a few sites (Vitousek 
and Melillo 1979). The causes of this variation among sites are incompletely 
understood. Regrowing vegetation takes up nitrogen and eventually reduces losses, 
but uptake is generally less than nitrogen mineralization for from 2 to several 
years after clearcutting (cf. Marks 1974, Boring and others 1981). Other processes 
retain mineralized nitrogen in most harvested sites prior to the reestablishment 
of nitrogen uptake by plants. 

Vitousek and others (1982) used trenched plots in the field to evaluate the 
processes preventing or delaying nitrate losses from disturbed forests. Delayed 
nitrate production was found in 11 of 17 sites studied; in 8 of those, delays occurred 
despite elevated soil ammonium concentrations. In his review of incubation stud- 
ies of nitrate production in forest soils, Robertson (1982b) found that nitrate 
production was delayed despite elevated ammonium in at least 27 of 63 deciduous 
forests and at least 37 of 73 coniferous forests. Delayed nitrate production in the 
presence of elevated ammonium can also reduce nitrate losses following wa- 
tershed-scale clearcutting (Krause 1982). 

Delayed nitrate production is thus an important cause of nitrogen retention in 
disturbed forests, and a number of possible causes of delays have been suggested. 
The most plausible are: 

1, Low ammonium availability. Lamb (1980) and Robertson (1982a) suggested 
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that ammonium availability controls rates of nitrate production in most forest 
soils. Even where low nitrate production persisted despite elevated ammonium 
concentrations following disturbance, a high threshhold level ofammonium avail- 
ability could be necessary to support the growth of nitrifying bacteria. 

2. Limitation by other nutrients. Purchase (1974) showed that nitrate production 
in an African savanna could be limited by low phosphorus availability; other 
nutrients could presumably act in the same way. 

3. Low pH. Nitrifying bacteria are relatively pH-sensitive (Alexander 1977), 
and the acidity of many forest soils could prevent nitrification or slow the growth 
of nitrifying bacteria. 

4. Low populations of nitrifying bacteria. Competition among roots, mycor- 
rhizae, decomposers, and nitrifiers for ammonium may cause low initial popu- 
lations of nitrifiers (Belser 1979), because nitrifying bacteria are notably poor 
competitors for ammonium (Jones and Richards 1977). Elimination of nitrogen 
uptake by roots and mycorrhizae could increase soil ammonium concentrations, 
but nitrate production could be delayed by the slow population growth of auto- 
trophic nitrifiers. 

5. Allelochemic inhibition of nitrification. A number of studies (many sum- 
marized by Rice 1979) have suggested that plant-produced biochemicals can 
suppress nitrification. Inhibitory biochemicals could be relatively persistent in the 
soil, or they could turn over rapidly through decomposition or leaching. 

We treated these mechanisms as alternative hypotheses for the cause of delayed 
nitrate production in disturbed forests, and designed laboratory experiments to 
test as many of them as we could. We recognized that two or more mechanisms 
could interact to control nitrate production; for example, Chase and others (1968) 
showed that pH, phosphorus supply, and nitrifier populations all contributed to 
delayed nitrification in an Ontario forest soil. 

The first three mechanisms listed above could be tested directly, but the last 
two are more complex. Autotrophic nitrifying bacteria are a diverse group, con- 
sisting of at least four genera and many strains (Belser 1979), and their populations 
are difficult to quantify (Schmidt and Belser 1982). Measurements of nitrifying 
activity are meaningful, but their relevance to estimating population sizes is un- 
certain. In addition, establishing the importance of allelopathy is difficult. The 
significance of persistent inhibitors can be evaluated, but the possibility that short- 
lived compounds (which we will term “‘labile inhibitors” regardless of whether 
they turn over by decomposition or leaching) suppress nitrifying bacteria in the 
field is virtually impossible to rule out. Conversely, the observation that potentially 
inhibitory compounds are present in a site is not sufficient evidence to establish 
that they actually suppress nitrification. 

This study was designed to identify the causes of delayed nitrate production 
and loss following disturbance in two Indiana sites included in the comparative 
study of Vitousek and others (1982). Both had elevated ammonium and delayed 
nitrate production after trenching; laboratory incubations demonstrated that these 
delays were localized in the mineral soil of a mixed oak (Quercus spp.) site and 
in the forest floor of a shortleaf pine (Pinus echinata) plantation (Vitousek and 
others 1982). Accordingly, we attempted to identify the causes of delays by sys- 
tematically trying to rule out each of the five possible mechanisms in each of these 
substrates. 


METHODS 


Sites and Sampling.—Sites were located in the unglaciated Norman Upland of 
southern Indiana, 10-15 km south of Bloomington, Indiana (39°10'N, 86°20'W). 
The region has a humid continental climate, with 1,120 mm of precipitation 
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TABLE 1. Soil properties of the study sites. The oak soil is a Typic Dystrochrept 
and the pine is a Typic Hapludalf. Analytical methods are described in Vitousek 
and others (1982), which also reports a more complete suite of soil properties. 


Horizon Organic Total Extractable 
mass carbon nitrogen phosphorus 
Site Soil series (T/ha) PH (percent) (percent) (ug/g) 
Oak 
Forest floor Muskingum 19.4 5,2 44.4 1.60 *0.09 
0-15 cm mineral soil 1,500 3.8 1.83 0.13 52 
Pine 
Forest floor Hagerstown 17.2 3.4 44.0 0.84 *0.05 
0-15 cm mineral soil 1,600 3.7 1.07 0.07 8.8 


* Total phosphorus in percent. 


distributed evenly through the year. The mean January and July temperatures are 
1° and 26°C respectively (Visher 1944). Relevant soil properties are summarized 
in Table 1; other site and soil characteristics are summarized in Vitousek and 
others (1982). 

Soil and forest floor material for the experiments were collected 8 times between 
May 1979 and October 1981. Forest floor samples were obtained by removing 
the 0 layer from areas of approximately '2 m? and then quantitatively collecting 
the combined Oi and Oa layers to the mineral soil surface. Mineral soil was 
collected to a depth of 15 cm using a 6 cm diameter corer. Large samples (several 
kg) were collected at 4-5 points in each site and composited. Wood and large 
roots (> 1 cm) were removed from the forest floor composites, and mineral soil 
composites were passed through a 4 mm sieve. Eight 10 g samples of each mineral 
soil composite (3 g for forest floor) were extracted in 100 ml 2 N KCl and analyzed 
for initial ammonium and nitrate concentrations. Mixing, sieving, and initial 
extractions were done on fresh soils the day they were collected, except that sample 
processing was delayed for a day in one case and for 3 days in another. 

In addition, a small (2 m?) field plot was fertilized with NH,Cl (100 g N/m?) 
in each of the sites in early August 1981. Fertilizer was applied to the forest floor 
in the pine site and directly to the mineral soil surface in the oak site. The forest 
floor was removed from the oak plot prior to fertilization and then replaced 
following it. Samples were collected from the fertilized plots as well as control 
areas in early October 1981. 


Microlysimeter Experiments.—The use of microlysimeters allowed repeated mea- 
surements of the effects of experimental treatments on nitrate production. Mea- 
surements followed Matson and Vitousek’s (1981) procedure. On each sample 
date, 50 g (wet weight) of each composite were placed into each of 6 funnels per 
treatment. Funnels were maintained at 20°C in the dark. Fifty ml (200 ml for 
forest floor) of deionized water or experimental solutions were added to each 
funnel weekly, allowed to equilibrate in the funnel for 15 minutes, and then drawn 
out with a 20 kPa vacuum. Leachates were collected and analyzed for nitrate. 
Leachings continued weekly until treatment effects were evident or for a maximum 
of 13 weeks. The experiments carried out using microlysimeters included: 

l. Leaching microlysimeters weekly with an NH,ClI solution (100 mg N/kg); 
the controls received deionized water. 

2. Leaching weekly with a complete nutrient solution without combined nitro- 
gen (o strength Hoagland’s with micronutrients); controls received deionized 
water. 
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3. Adding active nitrifying bacteria. The “inoculum” was soil or forest floor 
from the sites which had been kept in microlysimeters for 14—16 weeks until it 
developed a high rate of nitrification. A subset of these microlysimeters was then 
treated with 100 mg/kg nitrapyrin (N-SERVE), an inhibitor of autotrophic nitri- 
fication. Part of the remaining soil was mixed with freshly collected composites 
(1 part inoculum to 39 parts fresh soil) and placed in treatment microlysimeters. 
Control microlysimeters were derived from fresh composites mixed with auto- 
claved inoculum at the same ratio; both treatments and controls were leached 
with deionized water. 

4. Determining the effects of field fertilization. Soil from the fertilized plots 
(above) was leached weekly with deionized water; results were compared with 
control (unfertilized) samples which were collected at the same time and also 
leached with deionized water. 


Incubations.—We used aerobic incubations to provide information on net nitro- 
gen mineralization. This information was not available from microlysimeters 
because ammonium was largely retained within microlysimeters on cation ex- 
change sites in the soil. Incubations were less sensitive to small changes in nitrate 
production, however, because a larger extractant/soil ratio was required. 

Aerobic incubations followed the procedures outlined in Vitousek and others 
(1982). Sixty-four cups of each composite (with 3 g forest floor or 10 g mineral 
soil/cup) were incubated at 20°C and field capacity; water loss was monitored 
gravimetrically and replaced weekly with deionized water. Eight cups/week were 
extracted with 100 ml 2 N KCI for ammonium and nitrate analyses. 

The effects of increased soil pH and added nitrifiers on net nitrogen mineral- 
ization and nitrate production were evaluated as a factorial. The pH of treatment 
samples was increased to 6.0 with Na,CO,, and half of the samples with an elevated 
PH and half of the controls were inoculated with nitrifying bacteria as described 
above. At the end of the 8-week incubation period, the pH in the Na,CO,-treated 
samples had decreased to 4.5-5.0. 


Analyses.—Chemical analyses were done using a Technicon Auto Analyzer II. 
The nitrate procedure included nitrite as nitrate, but frequent analyses for nitrite 
showed it to be less than 10 percent of the total nitrite plus nitrate. Modified 
Hoagland’s solution caused a slope interference with nitrate determinations, and 
all analyses of such samples were compared with standards made up in modified 
Hoagland’s. The statistical analyses were t-tests on log-transformed data; an 
a-level of 0.05 was used throughout. 


RESULTS 


The amounts of ammonium and nitrate produced during aerobic incubations of 
both forest floor and mineral soil from both sites are summarized in Table 2. 
These results show that delays in nitrate production (which we define as occurring 
when ammonium accumulates more rapidly than nitrate despite an increasing 
rate of nitrification— Vitousek and others 1982) were significant in the oak mineral 
soil and the pine forest floor, as had been observed previously (Vitousek and 
others 1982). Nitrification was relatively rapid in the oak forest floor, while ni- 
trogen mineralization was the rate-limiting step in the pine mineral soil. 

The standard deviations in Table 2 provide a measure of among-sampling-time 
variability. Both net nitrogen mineralization and nitrate production varied sig- 
nificantly; similar results were observed for nitrate production in the unamended 
microlysimeters (Figs. 1, 2, 4). These differences were not consistently interpret- 
able as seasonal variations, although the lowest values occurred at the end of the 
dry summers of 1980 and 1981. 
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TABLE 2. Mean (+standard deviation) net nitrogen mineralization and nitrate 
production in aerobic incubations of forest floor and 0-15 cm mineral soil from 
the sites. Net nitrogen mineralization was calculated as (final (NH, + NO,)-N 
minus initial (NH, + NO,)-N), and nitrate production as final NO;-N minus initial 


NO,-N. 
Sample 
size Net Nitrate 
Site and (times mineralization production 
substrate sampled) (ug/g) (ug/g) 
Oak 
Forest floor 6 727 (210) 668 (194) 
Soil 6 28.0 (5.9) 13.6 (3.0) 
Pine 
Forest floor 6 161 (69) 1 a) 
Soil 5 0.9 (0.5) 0 


OAK SOIL 


PINE FOREST FLOOR 


NITRATE LEACHED (mg: kg™': wk”) 


TIME IN WEEKS 


FIGURE 1. 


Proportion 


nitrate— 
4 weeks 


(percent) 


IO 


85 (16) 
13 (8) 


12 


Proportion 
nitrate— 
8 weeks 


(percent) 


90 (10) 
48 (5) 


The effects of added ammonium on nitrate production in laboratory microlysimeters. 


Soils collected May 1979. Values are the mean NO,-N leached (in g NO,-N/g dry soil) per week; 
standard errors of the means are displayed where they do not overlap. Control microlysimeters are 
symbolized with solid dots and lines, treatment microlysimeters with hollow dots and broken lines. 
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FOREST FLOOR 


NITRATE LEACHED (mg - kg™': wk") 


O 2 4 6 8&8 10 12 
TIME IN WEEKS 


FIGURE 2. The effects of added nutrients (⁄ọ strength Hoagland’s, including micronutrients but 
without nitrogen) on nitrate production in laboratory microlysimeters. Soils collected early August 
1979. Values and symbols as in Figure 1. 


The results of experiments on the causes of delayed nitrate production are 
summarized in Figures 1—4 and Table 3. Adding ammonium did not enhance the 
rate of increase in nitrate production in oak soil or pine forest floor (Fig. 1). 
Maximum nitrate production was significantly increased in oak mineral soil, but 
only after nitrate production in the controls had reached a peak and begun to 
decrease. No significant effects of adding a complete nutrient solution (including 
micronutrients but excluding nitrogen) were observed (Fig. 2). 

The effects of adding an inoculum containing active nitrifying bacteria are 
summarized in Figure 3. The inoculum used for this experiment was pine forest 
floor which had been maintained in microlysimeters until it was producing 130 
ug-g -wk of nitrate-nitrogen. Additions of N-SERVE to subsamples of this 
material reduced nitrate production by more than 90 percent, suggesting that 
nitrification was largely autotrophic. Additions of inoculum significantly enhanced 
nitrate production in both substrates; the effect was more substantial in the pine 
forest floor (Fig. 3). This experiment was repeated with soils collected on two 
additional dates; in these cases, an actively nitrifying oak mineral soil inoculum 
was added to oak samples and pine forest floor inoculum to pine samples. Adding 
inoculum to pine forest floor yielded results similar to the earlier experiment (Fig. 
3), but no significant effects of inoculation were observed in oak mineral soil. 
Additions of inoculum had no significant effects on net nitrogen mineralization 
(Table 3). 
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TABLE 3. Net nitrogen mineralization and nitrate production (+standard error 
of the mean) in aerobic incubations as affected by raising the soil pH to 6.0 with 
Na,CO; and/or adding an inoculum containing active nitrifying bacteria. Soils 
were collected in May 1980. Net nitrate production could exceed net nitrogen 
mineralization where nitrate concentrations increased and ammonium decreased 


during incubation. 


Substrate Treatment 


Oak soil None 
Na,CO, 
Inoculum 
Both 


Pine forest floor None 
NaCO, 
Inoculum 
Both 


OAK SOIL 


NITRATE LEACHED (mg- kg- wk) 


4 weeks 


15 (1) 
48 (2) 
12 (1) 
48 (2) 
93 (11) 

187 (9) 
97 (9) 

165 (16) 


TIME 


Net nitrogen mineralization 


(ug/g) 


8 weeks 


26 (1) 
64 (3) 
24 (2) 
53 (3) 


241 (25) 
281 (16) 
199 (12) 
241 (11) 


IN WEEKS 


Net nitrate production 


(ug/g) 
4 weeks 8 weeks 
1.4 (0.1) 12 (1) 
16 (1) 73 (4) 
2.0 (0.2) 14 (1) 
14 (1) 65 (3) 
0 (0) 0 (0) 
o0 (0) 0 (0) 
1 (0.7) 10 (1) 
3 0) 94 (16) 


Ficure 3. The effects of adding soil containing actively growing nitrifying bacteria to laboratory 
microlysimeters. Soils collected late August 1979. Values and symbols as in Figure 1. 
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OAK SOIL 


NITRATE LEACHED (mg: kg™': wk) 


O 2 4 6 8 10 12 
TIME IN WEEKS 
FIGURE 4. The effect of field fertilization on initial nitrate production in laboratory microlysimeters. 


Field plots were fertilized in early August 1981, and soils were collected in early October 1981. 
Values and symbols as in Figure 1. 


Raising soil pH increased net nitrogen mineralization for both oak mineral soil 
and pine forest floor, but it had no effect on pine mineral soil. Increased miner- 
alization was confined to the first week in the pine forest floor and to the first 3 
weeks in the oak mineral soil, but the resulting differences in nitrogen accumu- 
lation were maintained through the 8 week incubation (Table 3). Nitrate pro- 
duction was significantly increased by pH amendment alone in the oak mineral 
soil but unaffected in the pine forest floor. Addition ofan inoculum in combination 
with pH amendment caused a significant increase in nitrate production in the 
pine forest floor, but no main or interactive effects of inoculation were observed 
in the oak mineral soil (Table 3). 

Finally, field fertilization with ammonium significantly increased initial nitrate 
production when soils were collected and leached in microlysimeters (Fig. 4). 
However, the rate of nitrate production was low relative to the initial ammonium 
pool in both substrates (Table 4). 


DISCUSSION 


Our results ruled out several of the possible causes of delays in nitrate production 
for both substrates, and allowed reasonable inferences about the importance of 
the others. Delays were not caused by a lack of ammonium or of other potentially 
limiting nutrients in the incubated soils. 
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TABLE 4. NH,-N and NO;-N concentrations (+standard errors) on fertilized 
and control plots in the field sites. Plots were fertilized with 100 g NH,CI-N/m? in 
early August 1981 and sampled in early October 1981. 


Substrate Treatment NH,-N (ug/g) NO,-N (ug/g) 
Oak mineral soil Control 8.3 (0.1) 0.4 (0.1) 
Fertilized 730 (15) 3.2 (0.1) 
Pine forest floor Control 45 (1) 0 
Fertilized 500 (11) 0 


The results of the experiments which evaluated the other possible mechanisms 
differed between oak mineral soil and pine forest floor. We believe that compe- 
tition for ammonium leading to low initial populations of nitrifying bacteria can 
be ruled out in oak mineral soil; three of four additions of inoculum failed to 
increase nitrifying activity (Fig. 3, Table 3), and field fertilization scarcely affected 
initial nitrate production (Fig. 4). Raising soil pH, however, had an immediate 
and substantial effect on nitrogen mineralization and an equally substantial effect 
on nitrate production (Table 3). The increased nitrate production could not have 
been a simple consequence of increased mineralization; adding ammonium did 
not stimulate nitrate production in this soil (Fig. 1). Clearly, strong acidity (pH 
3.8) is a major cause of delayed nitrate production in the oak mineral soil. 

Nitrate production in oak soil eventually occurred in both the laboratory and 
field (Vitousek and others 1982) even without pH amendment. While persistent 
inhibitors could not be an important cause of delays in this soil, we cannot rule 
out the possibility that increasing soil pH hastened the inactivation of labile 
inhibitors of nitrification. 

Competition for ammonium leading to low initial populations of nitrifying 
bacteria is a probable cause of delayed nitrate production in the pine forest floor. 
Adding an inoculum had a consistent and highly significant effect (Fig. 3, Table 
3), which both supported that mechanism and ruled out persistent inhibitors as 
a major cause of delays. Nitrate production increased when the pH was raised, 
but only when inoculum was also added (Table 3). The extreme acidity of the 
pine forest floor (pH 3.4) thus contributed to delayed nitrification but was not its 
sole cause. The field fertilization that was designed to distinguish between com- 
petition for ammonium and labile inhibitors as primary causes of low initial 
nitrifying activity yielded ambiguous results, in part because its 2-month duration 
was shorter than the usual delays in nitrate production in the laboratory (Fig. 4, 
Table 2). Accordingly, we could not rule out labile inhibitors as a cause of delayed 
nitrification, but we could conclude that if present they must turn over quite 
rapidly (<1 week). 

The importance of labile inhibitors would be difficult to rule out in any site 
where nitrate production was delayed. Even an observation of rapid initial nitrate 
production following field fertilization could be explained as being caused by 
altered production or decomposition of inhibitors by the altered microflora on a 
fertilized site. Inhibition of nitrification may in fact contribute to delayed nitrate 
production in the sites we studied, but we cannot demonstrate that it is important 
because alternative explanations are also consistent with all of our information 
(acidity in the oak mineral soil, competition for ammonium causing low initial 
nitrifier populations in the pine forest floor). 

Our results differ from those of other systematic studies of the causes for delays 
in nitrate production. Robertson (1982a) found evidence for labile inhibitors of 
nitrification in a northern Indiana oak site, but no delay in nitrification in that 
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site. He concluded that ammonium availability was the major control of nitrate 
production in the 10 sites he studied. Olson and Reiners (1983) and Baldwin and 
others (1983) concluded that persistent inhibitors were responsible for the absence 
of nitrate production in a balsam fir forest floor in New England, and Moleski 
(1976) identified a similar cause in an Oklahoma oak forest. It appears that no 
single mechanism is responsible for delays in nitrification across the wide range 
of sites in which they occur. 
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